The presence of isolated metal cations, far from any other atom, is not uncommon in protein crystal structures. A systematic survey of the Protein Data Bank showed that nearly 8% of the metal cations are naked, more frequently if they can interact only electrostatically with their neighbors. Surprisingly, this seemed to be only weakly related to the crystallographic resolution.
Introduction
It has been repeatedly observed that metal cations are sometimes isolated in protein crystal structures, far from any other atom [1] [2] [3] . Some of these are physical and chemical nonsense that might be due to low-quality electron density maps or refinement protocols. A systematic analysis of all naked cations found in the crystal structures deposited with Protein Data Bank was described in the present communication.
Materials and Methods
Since this is not an analysis of the stereochemistry of the metal first coordination spheres, any type of contact between a metal ion and other atoms was considered, independently of the type of metal cation, its oxidation state, its spin state, its coordination number, and independently of the type of atom(s) surrounding the metal and of the type of interatomic interactions (covalent, ionic). This was justified by the aim of the work summarized here: we were not trying to understand the grounds for the metal isolation but to only describe this phenomenon.
The Protein Data Bank [4, 5] (downloaded on August the 27th 2019; 150,916 files) was scanned, and only X-ray crystal structures containing metal cations and refined to at least 4 Å resolution were retained. Multi-model structures, Cα only structures, structures refined in non-standard space groups, and structures not containing proteins were discharged to ensure data homogeneity. This resulted in 53,669 PDB entries containing 237,105 metal cations, the most common of which are shown in Table 1 . A total of 19,322 were isolated (no other atom was within 3 Å) in the asymmetric unit, and 18,373 were naked even when adjacent asymmetric units were considered (they were included in the computations as described in [6, 7] ). Table S1 (Supplementary Materials) lists all isolated metal cations. 
Results
Some metals were uncommonly naked. Iron, for example, which was observed more than 35,000 times, was naked only 63 times (nearly never). On the contrary, some metals were quite often naked. Magnesium, for example, which was observed very frequently-more than 60,000 times-was naked more than 10,000 times (in nearly 20% of the cases). One obvious explanation is that magnesium(II) salts are often used in buffers and crystallization cocktails, with the consequence that some electron density peaks might be wrongly interpreted as magnesium ions despite they are not-they might be water molecules that form hydrogen bonds with surrounding water molecules with intermolecular oxygen-oxygen distances longer than 3 Å.
For some metals, the high percentage of naked cations (strontium, for example, 58%) might be due to their large dimension: here a cation is considered naked if it lacks neighbors within 3 Å, and for the largest metals, this threshold might be too strict, especially at lower resolution, where the accuracy of interatomic distances might be limited. In this regard, it has been observed in a recent survey of the metal-oxygen distances in small molecule crystal structures, showing that even most of the strontium-oxygen distances are not longer than 3 Å [8] . Since strontium is not an essential metal ion, and there is no specific strontium-binding protein known, the observed binding of strontium in proteins is likely due to the preparation of heavy-atom derivatives.
In general, cations that interact electrostatically with their neighbors are observed to be naked more frequently than cations that interact covalently with their neighbors. On average, 11% of the alkali, 13% of the alkaline earth, and 11% of the lanthanide cations were found to be naked; on the contrary, less than 2% of the first-row transition element cations (from scandium to zinc) were observed to be naked.
Many toxic heavy metal cations, like mercury, strontium, tungsten, or platinum, are commonly used to derivatize the crystals for phase determination; their coordination geometry is often unknown because they can be detected at very low resolution when electron density for side chains remains unresolved, and because heavy atoms cause ripple of Fourier series termination to make their ligands invisible. In the case of strontium, a rare alkaline earth metal, it is most likely that their ligands are surface carboxylates.
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Discussion
Crystallographic results, per se, cannot indicate whether a naked cation is a simple misinterpretation and a mistake, though they can, in some cases, suggest alternative interpretations like a water molecule instead of magnesium(II); even extensive refinement optimizations, e.g., with PDB-REDO [9] are relatively impotent in handling naked cations. Additional experiments may solve the problem by detecting the presence of specific chemical elements in protein crystals like X-ray fluoresces scans, use of soft X-rays in diffraction experiments [10] . Furthermore, inductively coupled plasma mass spectroscopy [11] , and elucidation of the cation coordination sphere-by, e.g., X-ray absorption fine structure (EXAFS) or X-ray absorption near-edge structure (XANES) [12] [13] [14] -can be used to validate the presence of naked ions in macromolecular structures.
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Supplementary Materials:
The following are available online at http://www.mdpi.com/2073-4352/9/11/0581/s1, Table S1 shows the following quantities for each metal cation: The total number of occurrences in the Protein Data Bank, the occurrences in which the cation is naked, and the percentage of naked cations. 
